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Charcot-Marie-Tooth disease type 2C (CMT2C) is an autosomal dominant neuropathy characterized by limb, diaphragm and laryngeal muscle weakness. Two unrelated families with CMT2C showed significant linkage to chromosome 12q24.11. We sequenced all genes in this region and identified two heterozygous missense mutations in the TRPV4 gene, C805T and G806A, resulting in the amino acid substitutions R269C and R269H. TRPV4 is a well-known member of the TRP superfamily of cation channels. In TRPV4-transfected cells, the CMT2C mutations caused marked cellular toxicity and increased constitutive and activated channel currents. Mutations in TRPV4 were previously associated with skeletal dysplasias. Our findings indicate that TRPV4 mutations can also cause a degenerative disorder of the peripheral nerves. The CMT2C-associated mutations lie in a distinct region of the TRPV4 ankyrin repeats, suggesting that this phenotypic variability may be due to differential effects on regulatory protein-protein interactions.
Motor and sensory peripheral nerve cells are highly specialized, with long axons that connect the spinal cord with the periphery. Like all neurons, these cells are excitable and depend on ion channels for multiple functions, including action-potential propagation, synaptic transmission, plasticity and cell survival. Charcot-Marie-Tooth (CMT) disease (or hereditary motor and sensory neuropathy, HMSN) is a heterogeneous group of degenerative peripheral nerve disorders that together constitute the most common inherited neurological disease, with an incidence of 1 in 2,500 (ref. 1) . In CMT, progressive axonal degeneration and cell death result in disabling muscle weakness and sensory loss.
We examined subjects from two large families with CMT type 2C (CMT2C) ( Table 1 and Fig. 1a-f) , one of which was previously reported 2 . As described in prior studies [2] [3] [4] , affected individuals showed evidence of a motor greater than sensory axonal neuropathy, causing progressive weakness of distal limb, diaphragm and laryngeal muscles ( Table 1) . Few affected individuals complained of sensory loss, but all had reduced or absent tendon reflexes. The age of onset and severity of disease were highly variable ( Table 1 and Fig. 1a) . Most affected individuals reported a worsening of hand weakness in the cold. Bilateral sensorineural hearing loss was documented in ten subjects, and nine subjects complained of bladder urgency and incontinence. Muscle and nerve biopsies in a severely affected individual showed marked neurogenic atrophy of the gastrocnemius muscle, indicating severe loss of muscle innervations (Fig. 1b) and modest loss of sensory axons in the sural nerve with rare axons undergoing degeneration (Fig. 1c-e) .
Fine mapping analysis in both families showed significant linkage to chromosome 12q24.11-12q24.21 (log 10 of odds (lod) scores 3.1 and 6.9, respectively), confirming the findings of previous studies 4, 5 . Haplotype reconstruction matched the disease status in all clinically affected subjects. Two individuals in family 1 carried the disease allele but were not found to be affected during limited examination in their homes. Combined data from families 1 and 2 narrowed the region of interest to a 2.6-Mb interval between the markers D12S105 and D12S1343 (Fig. 1g) . SNP array analysis showed no duplications or deletions in this region (data not shown).
Sequencing of all 38 predicted protein-coding genes in the region of interest revealed heterozygous nucleotide variants C805T and G806A in exon 5 of the transient receptor potential vanilloid 4 (TRPV4) gene in affected family members of families 1 and 2, respectively (Fig. 1h) (Fig. 1i) . Sequencing of TRPV4 in two other families with a CMT2C-like phenotype failed to identify any mutations, and in one, linkage to chromosome 12q24.11 was excluded, suggesting that CMT2C may be genetically heterogeneous (Supplementary Fig. 1 ). II.
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Mutations in TRPV4 have been previously associated with skeletal dysplasias 6, 7 . TRPV4 was identified as the causative gene in these disorders in part due to high expression levels in cartilage compared to other tissue types 6 . TRPV4 has been reported to be expressed in motor neurons 8 , ventral root 8 and dorsal root ganglion (DRG) neurons 9 .
In situ hybridization studies show Trpv4 mRNA expression in ventral and dorsal horn neurons of adult mouse spinal cord tissue (Allen Institute for Brain Science Spinal Cord Atlas; see URL section). We investigated Trpv4 protein expression in spinal cord tissue by immunohistochemistry (IHC) in Trpv4-null mice 10 and in wild-type littermates (Supplementary Fig. 2 ). These studies showed low levels of expression in motor neurons. We further quantified TRPV4 expression levels in adult human tissues by quantitative reverse transcription PCR (qRT-PCR). Compared to tracheal cartilage, TRPV4 was expressed at approximately 95% lower levels in dorsal and ventral human spinal cord (Fig. 2a) . Although it has been suggested that there may be alternatively spliced isoforms of TRPV4 lacking exon 5 and/or exon 7 (ref. 11), we detected no differential expression of such isoforms in spinal cord tissue (Fig. 2a) .
Although TRPV4 was expressed at rather low levels in spinal neurons, mutant forms of TRPV4 were highly toxic to cultured neuronal cells. The CMT2C-associated mutant TRPV4 caused a fourfold increase in cell death in DRG neurons compared to wild-type TRPV4 at 48 h (Fig. 2b,c) . We further evaluated toxicity in cells from the human embryonic kidney (HEK) 293 line (Fig. 2d,e) . The R269C and R269H mutants caused a time-dependent increase in cell death, which was increased twofold at 24 h and approximately sixfold at 48 h. This was associated with increased intracellular calcium levels at 24 h (Supplementary Fig. 3) . Notably, increased calcium levels and cell death were blocked by the TRP channel-inhibitor ruthenium red (Fig. 2d,e and Supplementary Fig. 3) , by the specific TRPV4 inhibitor RN-1734 12 (Supplementary Fig. 4 ) and by the TRPV4 pore-inactivating substitution M680K 13 (Supplementary Fig. 4) . Together, these data indicate that the cell death is due to aberrant activity of the TRPV4 channel.
TRPV4 is a nonselective cation channel that responds to environmental stimuli such as temperature, hypotonicity and chemicals including phorbol derivatives and arachidonic acid [14] [15] [16] [17] [18] [19] [20] . To investigate the effects of CMT2C-associated mutations on TRPV4 channel activity, we expressed wild-type and mutant TRPV4 in Xenopus laevis oocytes incubated in Ca 2+ -free frog Ringer solution. Oocytes expressing the R269C and R269H mutants showed a 2.5-fold increase in channel currents compared to wild-type under resting conditions (18 °C) (Fig. 3a) . Addition of ruthenium red at 10 µM reduced wild-type, R269H and R269C currents by 53%, 52% and 48%, respectively (P < 0.05). When the temperature was increased to 38 °C, both wild-type and mutant channel currents increased two-to threefold above their constitutive levels, with mutant channel currents remaining two-to threefold higher than wild-type currents (Fig. 3a) . Similar results were obtained when the TRPV4 channels were activated by 4α-phorbol didecanoate (4αPDD) (Fig. 3b,c) . Increasing the temperature in the oocytes preincubated with 4αPDD resulted in a further increase in channel activity (Fig. 3b,c) . Higher basal currents and enhanced responses to both 4αPDD and hypotonic stimulation were also observed in HEK293 cells transfected with R269C or R269H mutants as compared to wild type (Supplementary Fig. 5 ). Increased channel activity could not be accounted for by changes in TRPV4 channel subcellular localization. Analysis of surface incorporation of TRPV4 by cell surface biotinylation assays showed approximately equal amounts of TRPV4 incorporated into the cell membrane (Fig. 3d) . Furthermore, wild-type and mutant TRPV4 expressed in cells from the HeLa and HEK293 lines showed similar spatial distributions (Supplementary Fig. 6 ).
The TRPV4 protein has distinct domains, including six transmembrane segments with a putative ion pore region between S5 and S6, an intracellular N-terminal domain containing six ankyrin repeats and a C-terminal intracellular domain (Fig. 4a) . Ankyrin repeats mediate protein-protein interactions, some of which have been shown to modulate TRPV4 activity 21 . The 2.3-Å crystal structure of the chicken Trpv4 ankyrin repeat domain (ARD) (Fig. 4b and Supplementary  Table 1) shows a typical hand-shaped structure with a concave palm 
l e t t e r s
surface formed by inner helices and fingers and a convex surface representing the back of the hand. Arg269 is located at the base of finger 3 on the convex surface, opposite the palm surface harboring previously described skeletal dysplasia mutations in the ARD 7 ( Fig. 4b,c) . Comparison with the TRPV1, TRPV2 and TRPV6 structures [22] [23] [24] shows that the backbone structure is conserved at this position, although the arginine residue is not conserved in other TRPV channels (data not shown). The R269C and R269H substitutions are thus unlikely to disrupt the protein fold, but the Arg269 side chain is exposed and well positioned to mediate protein-protein interactions that may be critical to TRPV4 function. Binding assays and co-immunoprecipitation experiments did not show changes in the interaction of mutant TRPV4 with two known protein partners, calmodulin 21 and PACSIN3 25 (Supplementary Fig. 7) , confirming that the CMT2C-associated mutations do not grossly disrupt protein folding. Further experiments are needed to define whether specific intermolecular or intramolecular interactions are affected by the Arg269 substitution.
CMT2C is an unusual peripheral neuropathy resulting in motor greater than sensory axonal degeneration. Here we have shown that, despite low expression levels of TRPV4 in neurons, the CMT2C-associated TRPV4 alterations are highly toxic due to increased channel activity, causing calcium overload. Ca 2+ is an essential intracellular signal in neurons regulating neurite outgrowth, synaptogenesis, synaptic transmission and plasticity, but excessive influx of Ca 2+ has also long been associated with neurodegeneration 26 . Notably, many of the severely affected individuals in the families we studied had sensorineural hearing loss and bladder urgency ( Table 1) . Trpv4 knockout mice have been shown to have sensorineural hearing loss, impairment of bladder voiding and abnormalities of mechanosensation and nociception 10, 27, 28 , indicating that some of the clinical manifestations of CMT2C may be attributable to a loss of normal TRPV4 function, as well as to the toxic effects of abnormal channel opening and calcium influx.
Mutations of TRPV4 have been associated with autosomal dominant skeletal dysplasias. Brachyolmia is caused by R616Q and V620I substitutions, which increase basal and stimulated channel activity, perhaps via direct alteration of the S5 pore domain 6 . More recently, the D333G and I331F substitutions have been identified in the fifth ankyrin repeat in single individuals with spondylometaphyseal dysplasia Kozlowski type and metatropic dysplasia, respectively 7 . TRP channels operate within macromolecular complexes 29 , and the ankyrin motifs are likely critical mediators of protein-protein interactions that regulate TRP channel localization and activity. The Arg269 residue localized to the convex face of the TRPV4-ARD may mediate distinct interactions with yet-to-be identified regulatory partners that are particularly important for TRPV4 function in peripheral neurons.
TRPV4 is a cation channel known to play a role in fundamental cellular processes such as osmosensation, temperature sensation and mechanosensation. In this study, we have shown that CMT2C is associated with substitutions at the Arg269 residue in the ARD of the TRPV4 protein. This work uncovers a previously unrecognized role for TRPV4 in neurons and highlights the importance of this ion channel in normal peripheral nerve function. Together with the observations that disruption of TRPML1 causes the central nervous system lysosomal-storage disease mucolipidosis type IV 30 and that mutation of Trpc3 causes degeneration of cerebellar neurons in mice 31 , this study emphasizes the importance of TRP channels in the pathogenesis of neurodegenerative diseases. Most surprisingly, our data indicate that distinct alterations in this important ion channel result in strikingly different phenotypes that involve separate organ systems.
URLs. Allen Institute for Brain Science Spinal Cord Atlas: http:// mousespinal.brain-map.org/imageseries/show.html?id=100017703.
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